lumenal side, the permeability barrier of the ER membrane can be maintained during the initial stages of translocation (Crowley et al., 1994). Second, recognition of signals at the translocon may improve fidelity of sorting by effectively "proofreading" a signal sequence be- 
and discernable consequence for the protein's biogenesis. In order to examine these ideas experimentally, sensitive and specific assays of different aspects of signal sequence function are required. In this study, we have taken advantage of recent insights into the role of signal sequences in prion protein (PrP) biogenesis (Kim et al., 2001; Rutkowski et al., 2001 ) to devise an assay to quantitatively measure differences in the posttargeting functions of signal sequences from a variety of substrates. This has allowed us to explore the question of whether the sequence diversity of signal sequences reflects physiologically relevant functional differences.
Results

Identification of Signal Sequence Mutants that Selectively Affect a Posttargeting Function
To aid in developing a simplified assay for signal sequence functions, we took advantage of a series of point mutants in the signal sequence of the prion protein (PrP) that were generated for another study (Kim et al., 2001 ). These PrP signal mutants ( Figure 1A ) were compared by several assays that used short nascent chain intermediates (of less than 112 amino acids) to examine the early stages of their translocation. It is important to note that the only topogenic element in these translocation intermediates is the signal sequence; the potential transmembrane domain (TMD) of PrP (residues 113-135) has not been synthesized yet. In the first assay, nascent chain intermediates of 91 amino acids were compared by crosslinking assays in the presence and absence of rough microsomal membranes (RMs). Figure 1B shows that, with the exception of the N3a mutant, all of the signals crosslinked to SRP54 in the absence but not the presence of RMs. In the presence of RMs, all of the constructs (except N3a) were seen crosslinking to Sec61␣ (see also Figure 1D ). Sec61␣-containing translocon, and high-salt-resistant Figure 1D a lumenal or type I membrane protein (Ntm; N exo /C cyt ), synthesized (N7a, N2, and N7; see Figure 1 ) result in inefficient translocation of the N terminus, with the topoldepending on whether the TMD integrates into the lipid bilayer. However, if the signal is either inefficient or suffiogy of most chains being Ctm. Third, signal mutants that are able to gate the translocon by 112 amino acids ciently slow in gating the translocon, the TMD will emerge from the ribosome while the translocon is still of synthesis (wt, N9, and N4) generate lesser amounts of the Ctm topology, with the majority of chains achieving a closed to substrate. In this situation, the modified TMD, by virtue of its increased hydrophobicity and flanking combination of the Ntm and lumenal topologies. Fourth, the wild-type Prl signal sequence, which has been excharge distribution, has an opportunity to directly interact with the translocon and can become integrated as tensively studied and demonstrated to gate the translocon efficiently by the time ‫08-07ف‬ amino acids are syna type II membrane protein (Ctm; N cyt /C exo ).
The validity of this strategy was tested with each of thesized (Crowley et al., 1994; Jungnickel and Rapoport, 1995) , was seen to result in a minor proportion of chains the signal sequence mutants from Table 1 ( Figure 2C ). Several observations are noteworthy. First, signal muin the Ctm topology. Quantitation of the percent of total chains that are synthesized in the Ntm and lumenal topotants that were either defective in targeting (Glob, N3a, and ⌬13-17) or achieving high-salt-resistant binding to logic forms (indicative of chains that had gated the translocon prior to synthesis of the TMD) revealed a the translocon (⌬13-15) resulted in the reporter being largely cytosolic. Second, mutants that are able to broad range between the signal mutants ranging from 0% for N7a to over 80% for the wild-type Prl signal achieve high-salt-resistant binding but do not gate the translocon efficiently by the time 112 amino acids are sequence ( Figure 2D ).
‫%03-%02ف‬ (for interferon-␥ [Ifn-␥], angiotensinogen
[Ang], and atrial naturatic peptide) to over 80% for growth hormone (GH) and Prl signals ( Figure 3C ). This range is approximately the same as that seen for the various mutant signal sequences analyzed in Figure 2 (with the exception of N7a and the targeting-deficient signals). Together, these data suggest that natural mammalian signal sequences, in the context of a defined reporter protein, differ in their gating properties over a surprisingly broad range.
Evolutionary Conservation of the Gating Function of Signal Sequences
We next wished to address whether the diversity of translocon gating activities observed for different signal sequences is likely to be of physiologic relevance. To gain insight into this question, we first examined whether the substrate-specific differences between these signals were evolutionarily conserved for at least some of the substrates. Such conservation would lend support to the idea that the differences are physiologically important and have been maintained by selection. The second approach (described in a subsequent section) was to directly examine the consequences for the biogenesis of several proteins upon altering the gating property of the signal sequences used to direct their translocation.
To examine the evolutionary conservation of signal sequence function, we used the targeting/gating assay to assess the signals from multiple mammalian species for each of several substrates. As can be seen in Figure  4A , the exact sequences, as well as general features such as length and charge of these signals from the different species, are conserved to varying degrees. Quantitation of these data showed that the percent it is less clear why some substrates appear to contain a weakly gating signal. One possibility is that certain of Ntm/lumenal forms generated ranged broadly from signals, in combination with their natural mature doconstruct ( Figure 5A ). By contrast, an effectively gating signal (from Prl) directed efficient translocation of the N mains, are able to attain a translocation-competent conformation (e.g., a "loop") that is not properly achieved terminus regardless of the mature domain following it. Thus, the weakly gating signals from Ang and Ifn-␥ are in a heterologous context. Thus, a signal and mature domain may be matched to contain specific sequence able to initiate translocation of the Ang and Ifn-␥ mature domains more efficiently than the PrP mature domain. elements that are sensitive to perturbation. Alternatively, some mature domains may contain structural features As discussed above, this might be due to functional matching of a weakly gating signal with an "easy-tothat allow it to be effectively translocated by a weakly gating signal sequence, while other mature domains translocate" mature domain, or to matching of specific sequence elements that allow the formation of a particumay absolutely require an effectively gating signal for efficient translocation. In this view, the signal and mature lar conformation. To distinguish between these two possibilities, we domain are matched functionally, and are not necessarily constrained by specific sequences.
determined whether the Ang mature domain could be efficiently translocated by a different weakly gating sigTo investigate these ideas, we first determined whether, in fact, matching of a mature domain with its nal of unrelated sequence. We therefore compared the ability of the weakly gating N7 and the more efficiently appropriate signal sequence influences the initiation of translocation for weakly gating signal sequences. We gating N9 signals to translocate the Ang, PrP, and Prl mature domains ( Figure 5B ). The N7 signal was able to found that for the Ang and Ifn-␥ signal sequences, translocation of the N terminus was substantially improved translocate the Ang mature domain more efficiently than the Prl or PrP mature domains. By contrast, the N9 signal when the signal sequence was followed by a portion of its own mature domain (62 residues long) instead of could translocate the Ang, PrP, and Prl mature domains with comparably high efficiencies. Taken together, these the corresponding PrP mature domain of the reporter signal sequences ( Figure 6A ). By contrast, the choice of signals substantially influenced the proper biogenesis of PrP, Prl, and GH ( Figure 6A ), all proteins whose natural signals are evolutionarily conserved to be strongly gating (see Figure 4) .
In the case of Prl and GH, less efficient translocation was seen with weakly gating signals than with strongly gating signals, as evidenced by the generation of precursor with the former but not the latter. Indeed, the majority of synthesized GH was precursor with all but the most strongly gating signal sequences (e.g., osteopontin or PrP, each of which showed little or no precursor). In the case of PrP, the choice of signal substantially affected not only the amount of precursor observed but also the efficiency and pattern of glycosylation. The precursor that was generated when Prl was fused to the leptin signal was degraded, as judged by pulse-chase analysis ( Figure 6B) . Thus, when fused to a weakly gating signal, the percent of synthesized Prl that is eventually secreted is reduced (by ‫.)%03ف‬ Qualitatively similar results were seen with other weakly gating signal fusions to either Prl or GH (data not shown; Figure 6D ). It therefore appears that for some proteins, changing the signal used to translocate it can have adverse consequences for its proper translocation. Although the signals that were tested varied in a wide variety of ways including length, hydrophobicity, and net charge, at least one key property that influences translocation may be its function in 6D). This is consistent with the observed precursor for Prl and GH containing the N2 signal ( Figure 6D) , and the observation that in vitro, N2-Ang is translocated with Consequences of Inappropriate Gating higher efficiency (Ͼ50%) than either N2-Prl or N2-GH for Protein Biogenesis (Ͻ10%; data not shown). These data demonstrate that We next examined the consequences in vivo for several the N2 mutant signal has a substantial effect on the substrates of altering the gating properties of the signals translocation of some substrates (such as PrP, GH, and used to translocate them. Consistent with the in vitro Prl, which apparently require and thus naturally contain analysis in Figure 5 , we found that the Ang mature protein could be efficiently translocated using a variety of efficiently gating signals). By contrast, the N2 signal is ) and expressed as a percent of the total synthesized after the initial pulse. For Ang, we consistently observed a higher degree of recovery of the secreted product than the cellular product (and hence values higher than 100% of total synthesized chains are observed at later time points), likely due to more efficient immunoprecipitation of the secreted antigen. Also note that Ang and GH are secreted with substantially slower kinetics than Prl, and that GH is secreted less efficiently than either Prl or Ang. largely adequate to direct the translocation of a subsubstrates revealed that the gating function of their signal sequences is remarkably variant. That these differstrate such as Ang that appears not to absolutely require an efficiently gating signal, and naturally contains a sigences are physiologically relevant, and not just random variation, was supported by three lines of evidence. nal that is either inefficient or slow in mediating gating. Thus, by altering solely the gating property of a signal First, the substrate-specific features of the gating function of the signal were demonstrated experimentally to sequence, the biogenesis of some, but not other substrates, can be substantially affected.
be evolutionarily conserved for several proteins. Second, the mature domains of proteins were shown to have different gating requirements, which are precisely Discussion matched by their evolutionarily conserved natural signal sequences. And third, altering the gating property of a In this study, we have addressed the question of whether protein's signal sequence, even within the range obthe wide sequence diversity of N-terminal signal seserved for naturally occurring signals, can result in a quences is accompanied by physiologically relevant difsubstantial change in the biogenesis of the substrate. ferences in their function. To do this, we have developed Thus, our findings suggest that the highly diverse set of a simplified assay to quantitatively assess the posttarsignal sequences observed for secretory and membrane geting signal sequence function involving translocon proteins does not simply represent sequence degeneracy secondary to minimal constraints, but instead a gating. Comparisons between a variety of mammalian substrate-specific functional diversity that, in many Substrate-Specific Matching of the Signal Sequence and Mature Domain cases, is important to the protein's biogenesis and In addition to substantial variations in the gating properfunction.
ties of signal sequences, we find that mature domains vary in their gating requirements. Some mature domains, such as those from Prl or PrP, appear to require an Targeting and Gating Are Differentially Encoded efficiently gating signal sequence to facilitate their transThis study provides evidence that at least three steps location, while others, such as those from Ang or Ifn-␥, in signal sequence function can be experimentally discan be translocated with weakly gating signals. Ang can criminated, and dissociated with mutations in the signal be translocated, not only with its own weakly gating (Figure 1; Table 1 ). The ability of the PrP reporter assay signal sequence, but also with completely unrelated sigto measure a posttargeting, post-salt-resistant signal nal sequences with similar or higher gating activity. Simisequence function in the opening of the translocon to larly, Prl can be translocated equally well with both its the lumen (operationally defined as gating throughout natural and unrelated signal sequences, as long as they this study) was critical to identifying differences in funcpossess efficient gating activity. These observations tion between various signal sequences. This is because provide strong evidence that the gating requirements the principal point of difference between natural signal of a mature domain are functionally matched with its sequences was discovered to lie at this step (Figure 3) . signal sequence. Thus, the critical feature of a signal By contrast, it appears that targeting and transfer (in a sequence that appears to be required for efficient transsalt-resistant manner) to the translocon are steps that location is its gating property. tive signal sequences will require further study. to 100ЊC, diluted 10-fold with 1% Triton X-100, 50 mM HEPES (pH were generated by replacement of the Bsu36I to EcoR1 fragment 7.4), 100 mM NaCl, clarified at 20,000 ϫ g for 10 min, and antigens of PrP with the corresponding domain from PrP(A120L) (Kim et were immunoprecipitated with the appropriate antibodies (see al., 2001). To fuse various mature domains behind a given signal above) essentially as described (Harlow and Lane, 1988). sequence, the signal was first engineered by PCR into pCDNA 3.1 with a unique Pst1 site following the signal. Mature domains, generMiscellaneous ated by PCR, were ligated to the Pst1/Xba1-digested plasmid (with Sequences of proteins were obtained from searches of the NCBI the 3Ј extension of the Pst1 site removed). Sequences for the Ang, databases (www.ncbi.nlm.nih.gov). Sites of signal cleavage were PrP, Prl, and GH mature domains were from human, hamster, bovine, either obtained from the annotations of the database sequence, or and rat, respectively. All signal sequence-mature domain fusions if not annotated, by alignment with a homologous protein whose were precise and did not contain any additional codons at the fusion signal cleavage site was known. Sequence alignments were persites. Plasmids were verified by automated sequencing.
formed with the ClustalW algorithm (Thompson et al., 1994) using Macvector software (Kodak). Percent homology, for the purposes In Vitro Translocation Assays of Figure 4D , was defined as percent of identical residues plus 0.5 Qualitative and quantitative assessment of PrP topology by translotimes the percent of similar residues. SDS-PAGE was either on 12% cation and protease protection assays in rabbit reticulocyte lysate Tris-Tricine minigels or 10% Tris-Glycine minigels. Unless specifi-(RRL) using canine pancreatic rough microsomal membranes (RMs) cally indicated above, laboratory chemicals were of the highest were performed exactly as described (Kim et al., 2001 ). In all of quality available from either Sigma, ICN, or Mallinckrodt. Enzymes these experiments, an acceptor peptide inhibitor of glycosylation for molecular cloning were from New England Biolabs, except for was included to simplify the analysis. The assignment of the N-and Pfu polymerase, which was from Stratagene. C-terminal fragments indicative of the Ntm and Ctm topologic forms has been described (Hegde et al., 1998). Translation intermediates
